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HIGHLIGHTS 


•  Carboxymethyl  chitosan  firstly  reported  as  a  water  soluble  binder  for  Si  anode. 

•  Strong  hydrogen  bonding  formed  between  the  Si  surface  and  carboxymethyl  chitosan. 

•  Exhibited  a  high  first  discharge  capacity  of  4270  mAh  g_1. 

•  Maintained  a  capacity  of  950  mAh  g-1  at  500  mA  g  1  over  50  cycles. 
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Carboxymethyl  chitosan  (C-chitosan)  is  investigated  as  a  new  water  soluble  binder  for  Si  anode  of  Li-ion 
batteries.  The  Fourier  transformation  infrared  spectroscopy  (FTIR)  and  X-ray  photoelectron  spectroscopy 
(XPS)  measurements  reveal  that  the  strong  hydrogen  bonding  is  formed  between  the  hydroxylated  Si 
surface  and  the  polar  groups  (-OH,  -COOH  and  -NH2)  of  C-chitosan.  The  Si/C-chitosan  anode  (Si:carbon 
blaclcC-chitosan  =  62:30:8  in  weight  ratio)  exhibits  a  high  first  discharge  capacity  (4270  mAh  g-1)  with 
a  first  coulombic  efficiency  of  89%,  and  maintains  a  capacity  of  950  mAh  g-1  at  the  current  density  of 
500  mA  g-1  over  50  cycles. 

Crown  Copyright  ©  2013  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  major  obstacle  for  Si  anode  to  be  used  practically  in  Li-ion 
batteries  is  the  severe  volume  changes  during  Li  insertion/extrac¬ 
tion  process  which  consequently  leads  to  the  pulverization  of  the 
active  mass  particles,  hence  permanent  capacity  fade  [  1  .  To  date, 
three  methods  have  been  employed  to  overcome  this  problem.  One 
is  to  design  and  prepare  nanostructured  Si  with  special  morphology 
such  as  nanowire  [2],  nanotube  [3]  and  nanoparticle  [4].  Second  is 
to  create  Si  composites  by  dispersing  Si  particles  in  a  lithium  active/ 
inactive  matrix  which  is  used  as  an  external  medium  to  restrain  the 
volume  change  of  Si  [5].  The  third  is  to  screen  up  a  suitable  binder 
for  mixing  Si  powder  with  conductive  carbon  additives  for  the 
preparation  of  Li-ion  battery  electrodes  [6]. 
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Polyvinylidenefluoride  (PVDF)  has  been  successfully  used  as 
the  binder  in  commercial  Li-ion  batteries.  However,  PVDF  could 
not  give  satisfying  cycling  stability  when  applied  for  Si  anode, 
due  to  its  swelling  property  in  electrolytes  and  intrinsic  low 
elasticity  [7,8].  Recent  studies  have  shown  that  the  bio-derived 
water  soluble  polymers,  such  as  polyacrylic  acid  (PAA)  [9],  car¬ 
boxymethyl  cellulose  (CMC)  [10]  and  alginate  [11,12],  exhibit 
promising  perspectives  as  binders  for  Si-based  anode.  It  was 
proposed  that  the  hydrogen  bonding  between  the  carboxylic 
group  of  these  polymers  and  Si  surface  is  highly  beneficial  to 
reduce  the  damage  induced  by  volume  expansion  and  thus  im¬ 
proves  the  cycling  stability  [13]. 

Chitin  and  its  deacetylated  derivative  chitosan  are  natural 
carbohydrates-based  polymers  composed  of  randomly  distributed 
(3(l-4)-linked  D-glucosamine  (deacetylated  unit)  and  N-acetyl-D- 
glucosamine  (acetylated  unit)  (Fig.  la).  The  abundant  existence  in 
processing  discards  of  shrimp  and  crab  makes  them  the  most 
abundant  natural  polymer  after  cellulose.  Due  to  the  unique  set  of 
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Fig.  1.  (a)  C-chitosan  synthesis  pathways  and  proposed  C-chitosan  bonding  mechanism  with  the  Si  nano-particles  surface;  (b)  FTIR  spectra  of  C-chitosan,  CMC,  alginate,  Si/C- 
chitosan  (1st  purified)  and  Si  nanopowder. 


useful  characteristics  such  as  biorenewabilty  and  biodegradability, 
chitin  and  chitosan  are  widely  used  in  various  fields  [14].  Chitosan 
is  a  weak  alkaline  natural  polymer  which  is  soluble  in  dilute 
aqueous  acetic  acid  by  converting  the  glucosamine  unit  (R-NH2) 
into  its  protonated  form  (R-NHj).  Recently,  chitosan  has  been 
employed  as  binder  in  fuel  cells  to  improve  the  electrochemical 
performance  [15].  Bridel  et  al.  has  tried  to  use  chitosan  as  a  binder 
for  Si  anode  by  milling  with  carbon  black/Si/chitosan  (1/1/1  by 
weight  ratio)  in  water  which  showed  fairly  moderate  electro¬ 
chemical  performance  [13]. 

In  this  communication,  we  report  our  preliminary  investigation 
on  carboxymethyl  chitosan  (C-chitosan),  a  water  soluble  chitosan 
derivative  prepared  by  carboxymethylation  of  chitosan,  as  a  new 
binder  for  Si  anode,  and  compared  with  the  conventional  water 
soluble  binders  of  CMC,  alginate  and  the  commercial  non-aqueous 
PVDF  binder  was  widely  used  in  lithium-ion  battery  industry. 

2.  Experimental 

Si  powder  with  average  particle  sizes  of  150  nm  was  obtained 
from  Jiechuang  New  Material  Technology  Co.  (China).  PVDF  (FR900, 
Mw  =  500,000-700,000)  was  purchased  from  Dupont  Co.  (USA). 
CMC  (Viscosity:  800-1200  mPaS)  was  purchased  from  Dingying 
Trading  Co.  (China).  Sodium  alginate  (Viscosity:  1050-1150  mPaS) 
was  obtained  from  Fuchen  Chemicals  Reagent  Factory  (China).  C- 
chitosan  (Viscosity:  10-80  mPaS;  carboxymethylation  degree 
>60%)  was  purchased  from  Aladdin  Chemistry  Co.  (China).  All 
materials  were  used  as  received. 

To  evaluate  the  interactions  of  C-chitosan  with  Si  nanoparticles, 
Si  powder  (1  g)  was  dispersed  in  C-chitosan  solution  (30  ml, 
3.5  wt.%,  pH  =  7.5)  by  ultrasonication  for  1  h.  After  filtering,  the  Si 
powder  was  washed  4  times  with  DI  water.  The  Si  sample  was 
collected  in  4  portions  each  time  after  washing  with  DI  water  and 
dried  in  vacuum  at  80  °C  for  12  h.  The  firstly  and  fourthly  collected 
Si  sample  was  denoted  as  Si/C-chitosan  (1st)  and  Si/C-chitosan 
(4th),  respectively. 

The  coin  cells  (CR2025)  were  assembled  to  test  the  electro¬ 
chemical  performance.  The  Si  powder  was  mixed  with  carbon  black 
and  binder,  in  a  weight  ratio  of  62:30:8  in  an  aqueous  solution  to 
form  homogeneous  slurry.  The  slurry  was  spread  onto  a  10  pm  thick 
copper  foil  and  dried  at  60  °C  for  12  h  in  a  vacuum  oven  and  then 
pressed  to  obtain  the  electrode  sheet  with  a  9-10  pm  coating 
thickness  and  a  loading  level  of  about  1.4  mg  cm-2.  The  cells  were 
assembled  in  an  Ar  filled  glove-box,  using  1  M  LiPFg  EC/DEC/DMC 
(1:1:1  by  volume)  as  the  electrolyte. 


FTIR  was  recorded  on  a  tensor  27  spectrometer  (Brucker,  Ger¬ 
many)  from  4000  to  400  cm-1  at  the  resolution  of  4  cm-1.  The  XPS 
spectra  were  obtained  with  ESCALAB250  XPS  (Thermo  Fisher  Sci¬ 
entific,  USA)  at  2  x  10-9  mba.  Al  Ka  (1486.6  eV)  was  used  as  the  X- 
ray  source  at  15  keV  of  anode  voltage.  The  filament  current  and 
emission  current  were  4.6  A  and  20  mA,  respectively.  The  mor¬ 
phologies  of  the  Si  and  composite  electrodes  were  observed  by 
scanning  electron  microscope  (SEM:  Hitachi  S-4800,  Japan)  and 
transmission  electron  microscope  (TEM;  JEOL  JEM  2100F,  Japan). 
Electrochemical  impedance  spectroscopy  (EIS)  was  measured  by 
applying  an  alternating  voltage  of  5  mV  over  the  frequency  ranging 
from  10~2  to  105  Hz  using  a  Zennium/IM6  electrochemical  work¬ 
station  (Zahner,  Germany). 

3.  Results  and  discussion 

FTIR  studies  were  used  to  evaluate  the  interactions  of  C-chitosan 
with  Si.  Fig.  lb  presents  the  FTIR  spectra  of  C-chitosan,  Si/C- 
chitosan  (1st)  and  Si  nanoparticles,  along  with  that  of  alginate 
and  CMC  for  comparison.  C-chitosan  exhibited  several  absorption 
peaks  among  1030-1150  cm-1  related  to  saccharide  structure,  two 
peaks  at  1412/1650  cm-1  corresponding  to  -COOH  asymmetric / 
symmetric  stretching  vibrations,  a  peak  at  1560  cm-1  related  to  - 
NH2  bending  vibration  and  a  broad  band  at  -3450  cm-1  corre¬ 
sponding  to  hydrogen  bonded  O-H  stretching  vibrations  [16,17]. 
The  massive  polar  groups  of  -COOH,  -NH2  and  -OH  groups  in  C- 
chitosan  would  offer  enough  adsorption  sites  to  generate  interac¬ 
tion  or  synergistic  action  with  Si  nanoparticles  [18,19  .  For  the  Si/C- 
chitosan  (1st),  the  peaks  of  -COOH  (-1650  cm-1)  and  -NH2 
(-1560  cm-1)  groups  slightly  shifted  to  lower  wave  numbers, 
evidencing  a  chemical  interaction  between  C-chitosan  and  Si 
nanoparticles  [20]. 

XPS  measurements  provided  further  evidence  of  the  strong 
bonding  between  C-chitosan  and  Si  nanoparticles.  As  shown  in 
Fig.  2a,  The  Cis  XPS  spectrum  of  the  C-chitosan  showed  three 
obvious  characteristic  peaks  corresponding  to  C— C  and  C-H 
bonds  (284.8  eV),  C-O-  bond  (286.4  eV)  and  -0-C=0  bond 
(288.0  eV)  [21,22].  In  spite  of  careful  purification  by  washing 
with  water  for  4  times,  the  Si/C-chitosan  (4th)  still  showed 
strong  Cis  and  Nis  signal  in  XPS  spectra  (Fig.  2),  indicating  that  a 
large  amount  of  C-chitosan  was  still  remained  on  the  surface  of 
Si  nanoparticles.  Comparing  with  C-chitosan,  the  binding  energy 
of  C-O-  and  —  O— C=0  of  the  water-washed  Si  with  C-chitosan 
mixture  increased  from  286.4  to  286.6  eV  and  288.0  to  288.8  eV, 
respectively,  while  the  Nis  signal  shifted  from  399.9  to  399.5  eV. 
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Fig.  2.  XPS  spectra  of  Cis  (a)  and  Nis  (b)  for  C-chitosan,  Si/C-chitosan  (1st),  Si/C-chitosan  (4th)  and  Si  nanopowder. 


This  implied  that  the  -OH,  -COOH  and  -NH2  groups  of  C-chi- 
tosan  were  bound  to  the  hydroxylated  Si  surface  and  involved  in 
the  adsorption  process  [23,24],  which  was  in  good  agreement 
with  the  FTIR  analysis.  These  results  suggested  the  formation  of 
strong  hydrogen  bond  between  the  hydroxylated  Si  surface  and 
C-chitosan.  Specially,  a  proposed  bonding  mechanism  between 
carboxylic  and  amino  moieties  C-chitosan  with  the  Si  nano¬ 
particle  surface  was  given  in  Fig.  la.  The  hydrogen  bonding 


between  the  binder  and  Si  has  been  previously  identified  as  one 
of  the  most  critical  factors  affecting  the  cycling  performance  of 
Si-based  electrodes  [11-13]. 

SEM  studies  showed  that  the  majority  of  Si  nanoparticles  used 
in  our  work  have  an  elliptical  or  spherical  shape  with  diameter  in 
a  range  of  100-200  nm  and  were  covered  with  a  5—7  nm  thick 
SiO*  layer  (Fig.  3a  inset).  The  electrode  morphologies  were  also 
studied  before  and  after  40  cycles.  Before  cycling,  the  Si 


Fig.  3.  SEM  images  of  (a)  Si  nano-particles,  (b)  Si/C-chitosan/carbon  black  composite  electrode  (before  cycling),  and  (c-f)  Si  anode  with  PVDF,  CMC,  alginate  and  C-chitosan  as 
binder  respectively  (after  40  cycles)  (Inset  shows  the  corresponding  transmission  electron  microscope  (TEM)  or  SEM). 
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Fig.  4.  (a)  Comparison  of  first  galvanostatic  reduction  and  oxidation  curves  of  Si  anode  with  different  binders;  (b)  the  cycling  performance  of  Si  anode  with  different  binders 
recorded  at  0.01-1.5  V  under  200  mA  g-1;  (c)  the  cycling  performance  of  Si  anode  with  different  binders  recorded  at  0.12-1.0  V  under  500  mA  g-1;  (d)  rate  performance  of  Si  anode 
with  different  binders  recorded  at  0.12-1.0  V. 


nanoparticles  and  smaller  diameter  carbon  black  particles  (30— 
50  nm)  were  mixed  homogeneously  and  formed  a  high  porous 
texture  on  the  electrode  (Fig.  3b).  After  cycling  for  40  times,  for 
the  Si/PVDF,  only  some  particles  were  found  on  the  surface  of 
electrode,  which  could  be  ascribed  to  the  escaped  fractional  Si 
from  the  PVDF  network  caused  by  large  volume  expansion  over 
cycling  (Fig.  3c).  For  Si/CMC,  Si/alginate  and  Si/C-chitosan  elec¬ 
trode,  both  polymeric  species  and  Si  still  survived  together 
throughout  the  entire  electrode  surface  can  be  found  (Fig.  3d-f). 
But  there  were  still  some  broken  Si  nanoparticles  could  be  found 
for  Si/CMC  compared  with  other  two  electrodes.  This  can  be 
attributed  to  the  stronger  self-healing  ability  of  latter  electrodes 
if  locally  broken  of  Si  surface  during  cycling  [13].  For  the  Si/C- 
chitosan  electrode,  the  cycled  Si  was  consisted  of  amorphous 
and  crystalline  phases  because  of  its  transition  from  crystal  to 
amorphous  during  the  lithiation  process  (inset  in  Fig.  3f)  [25]. 


The  first  galvanostatic  curves  were  shown  in  Fig.  4a  for  the  Si 
electrodes  with  different  binders.  All  the  electrodes  showed  an 
obvious  charge/discharge  plateau  at  approximately  0.4/0.2  V  (vs. 
Li/Li+),  which  was  typically  observed  for  the  electrochemical 
lithiation  of  Si  [1].  No  other  reduction  and  oxidation  peaks  from 
the  side  reactions  were  observed.  And,  the  Si  electrode  with  C- 
chitosan  showed  a  higher  capacity  and  CE  of  4270  mAh  g -1/89% 
as  compared  with  3579  mAh  g_1/71%,  3589  mAh  g-1/87% 
and  3807  mAh  g-1/86%  for  the  electrode  with  PVDF,  CMC  and 
alginate,  respectively.  The  cycling  performance  of  Si  anode  using 
different  binders  was  shown  in  Fig.  4b.  The  Si/PVDF  electrode 
showed  an  initial  charge/discharge  capacity  of  2541/ 
3579  mAh  g_1,  then  decreased  quickly  to  almost  zero.  As  a 
comparison,  Si/CMC,  Si/alginate  and  Si/C-chitosan  electrodes 
showed  the  improved  cycling  performance.  Especially,  the  Si/C- 
chitosan  electrode  showed  an  initial  charge/discharge  capacity 


Fig.  5.  Nyquist  plots  of  Si  anode  with  CMC,  alginate,  PVDF  and  C-chitosan  as  binder,  respectively;  (a)  after  2nd  cycle,  (b)  after  40th  cycle. 


L  Yue  et  al.  /  Journal  of  Power  Sources  247  (2014)  327-331 


331 


of  3800/4270  mAh  g-1  at  200  mA  g-1,  and  better  cycling  per¬ 
formance  with  a  capacity  of  1478  and  766  mAh  g-1  at  the 
50th  and  100th  cycle  respectively.  To  balance  high  capacity  and 
cyclability  26],  the  electrodes  with  CMC,  alginate  and  C-chito- 
san  binder  were  tested  between  0.01  and  1.5  V  for  first  three 
cycles,  then  tested  under  a  cutoff  voltage  of  0.12-1.0  V  at 
500  mA  g-1  for  the  following  cycles  (Fig.  4c).  Si/C-chitosan 
electrode  exhibited  a  discharge  capacity  of  1990  mAh  g-1  with 
a  CE  of  97%  at  the  fourth  cycle,  and  a  capacity  of  950  mAh  g_1  at 
50  cycles.  Moreover,  Si/C-chitosan  cell  exhibited  excellent  rate 
capabilities  at  the  cutoff  voltage  (Fig.  4d).  Even  at  a  high  current 
of  1.5  A  g~\  a  specific  capacity  of  651  mAh  g-1  was  retained. 
When  the  current  was  changed  back  to  100  mA  g-1,  the  capacity 
quickly  returned  to  1588  mAh  g_1  (72.6%  of  the  original  capacity 
retained).  By  contrast,  both  of  the  Si/alginate  and  Si/CMC  dis¬ 
played  a  relative  worse  rate  performance  due  to  their  severe 
capacity  decay  with  cycling. 

To  investigate  the  difference  of  electrochemical  performance, 
EIS  was  employed  to  characterize  the  impedance  properties  of  Si 
anode  using  different  binders.  Fig.  5  compared  the  Nyquist  plots  of 
different  Si  anode  after  2nd  and  40th  cycle.  For  Si/PVDF  and  Si/ 
CMC,  both  Nyquist  plots  were  composed  of  a  depressed  semicircle 
in  the  high  frequency  region  (26  FIz-100  KHz,  reflects  SEI  film 
resistance),  a  semicircle  in  the  middle  frequency  region 
(207  mHz— 26  Hz,  reflects  the  charge  transfer  resistance)  and  a 
sloped  line  in  the  low  frequency  region  (10  mHz-207  mHz,  re¬ 
flects  diffusion)  [27].  For  the  Si/C-chitosan  electrode,  the  middle 
frequency  semicircle  could  not  be  observed  in  the  Nyquist  plot, 
probably  due  to  the  overlapping  of  the  semicircle  from  SEI  and  the 
charge  transfer.  The  Si/C-chitosan  electrode  showed  a  smaller 
semicircle  diameter  at  the  high  and  middle  frequency  even  after 
40  cycles  as  compared  with  the  Si/PVDF,  Si/CMC  and  Si/Alginate 
electrode,  indicating  an  improved  kinetic  of  electrode  reactions 
(i.e.  charge  transfer  and  polarization).  Based  on  the  above  analysis, 
Si/C-chitosan  anode  exhibited  the  best  electrochemical  charac¬ 
teristics  and  the  lowest  resistances,  and  thus  the  best  cycling  and 
rate  performance. 

4.  Conclusion 

We  have  demonstrated  that  C-chitosan  could  serve  as  an 
effective  water  soluble  binder  for  Si  anode  of  Li-ion  batteries  for  the 
first  time.  The  Si/C-chitosan  anode  exhibited  a  high  first  discharge 
capacity  (4270  mAh  g-1)  with  a  first  CE  of  89%,  and  better  cycling 
and  rate  performance.  These  results  open  a  new  avenue  to  explore  a 
novel  series  of  binders  from  the  chitosan  family. 
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